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Abstract 
Background: The evolution of sexual signals is not only determined by immediate sexual selection but also by 
selection arising from the environment and the interaction with developmental effects. In this study we aimed to 
investigate how the badge size of male house sparrows (Passer domesticus) is correlated to avian malaria infections as 
well as to prenatal testosterone exposure, measured as the 2D:4D digit ratio. The rationale behind this study is that the 
immunosuppressive effect of maternal testosterone deposition combined with the fitness cost imposed by parasites 
may cause important trade-offs to the development of secondary sexual signals.
Methods: Assuming that vector abundance is a key variable associated with infection risk by avian malaria, we 
caught adult male sparrows from eight different populations in the Camargue, France, four of which were located in 
a vector-controlled area, and the other four in an untreated area. For each bird we measured its badge size, digit ratio 
and took blood to determine its infections status. We used PCR to identify the malaria parasite species and strain that 
caused the infection.
Results: Contrary to our expectation, prevalence of disease did not differ across the vector-treatment regions, with 
around 80 % of birds being infected in both areas, and those infections were caused largely by a single strain, Plasmo-
dium relictum SGS1. Although infected birds had a badge size not significantly different from uninfected males, there 
was a condition-dependent association between badge size, infection status and maternal testosterone deposition.
Conclusions: This study illustrates that the complexity of temporal and ecological dimensions makes the relation-
ships between disease, testosterone-related traits and secondary sexual signals that have been previously reported 
less general than thought.
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Background
The optimal allocation of limited resources is a fun-
damental selection pressure faced by any individual 
(Stearns 1992). Diseases pose a particular problem to 
an organism, since trade-offs can occur at two levels: 
(1) the parasite uses up host energy for its own growth 
and transmission and (2) the host invests energy to fight 
the parasite with costly immune responses (Hamilton 
and Zuk 1982; Sheldon and Verhulst 1996). Hamilton 
and Zuk first highlighted the potential importance of 
parasites in maintaining genetic variation involved in 
sexual selection, mediated by trade-offs affecting the 
development of costly secondary sexual signals (Hamil-
ton and Zuk 1982). It is the costliness of male second-
ary sexual signals that offers the basis for female choice 
(Zahavi 1975). Foldstad and Karter’s (1992) immuno-
competence hypothesis (ICH) proposed a proximate 
mechanism for a trade-off between elaboration of sexual 
signals and disease susceptibility involving testosterone. 
This hormone is involved in the development of many 
secondary sexual signals (Andersson 1994) and also has a 
well-documented immunosuppressive effect (Saino et al. 
1995; Verhulst et al. 1999; Duffy et al. 2000), which may 
lead to a situation where individuals cannot qualitatively 
increase their sexual ornamentation without increasing 
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their susceptibility to disease. Hence, only individuals 
with an inherent “quality” such as an ability to acquire 
large energy reserves, or possession of parasite-resist-
ance genes, can afford higher testosterone production. 
However the importance of these hypotheses in natural 
populations remains controversial as many studies fail 
to consider the intricate natural context in which sexual 
signals evolve. Sexual signals are influenced by natural 
selection, early development, as well as phenotypic plas-
ticity; all of which are known to vary widely across envi-
ronments (Cornwallis and Uller 2010). Varying parasite 
abundance constitutes a particularly important mediator 
of environmental heterogeneity and hence may differen-
tially affect the evolutionary ecology of sexual signals in 
hosts. The early developmental environment deserves 
special consideration in the development of sexual sig-
nals due to its susceptibility to parental effects—a the-
ory now widely accepted by evolutionary biologists 
(Danchin et al. 2011). “Parental effects” can be defined as 
any process mediated by the parent(s) that has an impact 
on the developing phenotype of the offspring. In order 
to gain a more complete picture of the evolutionary con-
text of secondary sexual traits, parental effects should 
be considered as they may have important impacts 
on the ontogeny and evolution of these traits (Bady-
aev et  al. 2009). One important parental effect in birds 
is the amount of testosterone deposited into the egg by 
the female (Schwabl 1993). Embryonic development in 
eggs with variable testosterone concentration has been 
shown to predict such important phenotypic traits as 
begging behaviour (Müller et  al. 2007), posthatching 
growth (Schwabl 1996), immunocompetence (Groothuis 
et al. 2005; Tschirren 2005; Sandell et al. 2009), aggres-
sion (Partecke and Schwabl 2008), and secondary sexual 
signals (Galván and Alonso-Alvarez 2010). Many immu-
nological and ecological studies show that testosterone 
has a distinct immunosuppressive effect (Zuk 1996; Rob-
erts et  al. 2004). A well-established correlate of embry-
onic and foetal testosterone exposure across many 
vertebrates is the 2D:4D digit ratio (Manning 2002). In 
birds, high androgen deposition results in elevated digit 
ratios which have been shown to correlate with mor-
phological, physiological and behavioural traits (Burley 
and Foster 2004; Navarro et  al. 2007; Cain et  al. 2013). 
The House Sparrow (Passer domesticus) is a promising 
model species for investigating secondary sexual signals 
in their evolutionary context for several reasons: it has 
a well-studied sexual signal (the male badge), it occurs 
along different environmental matrices, it has low rates 
and distances of dispersal (Anderson 2006) and offers 
scope for studying adaptation to local selection pres-
sures (Loiseau et al. 2009). The highly variable badge size 
of male house sparrows has been the target of a number 
of investigations over the last three decades, e.g., (Møller 
1987; Griffith et al. 1999; Laucht and Dale 2012), though 
the function and condition-dependence of this melanin-
based signal remain controversial: One meta-analysis 
(Nakagawa et  al. 2007) confirmed its importance in 
social signaling to establish hierarchies, as reported by 
a number of studies Møller (1987); Poiani et  al. 2000; 
Buchanan et  al. 2010), but found weak evidence that it 
is actually a sexually-selected signal. Although the ability 
to mount an immune response has been linked to badge 
size on several occasions (Navarro et al. 2004; Buchanan 
et al. 2003), remarkably few studies have established cor-
relations between badge size and parasite load. Indeed 
there are two mechanisms by which parasites could 
influence badge size in natural populations: (1) direct 
physiological trade-offs, or (2) alteration of dominance 
hierarchies, which has been shown to impact badge size 
at the following moult (Dolnik et al. 2010).
In this study, avian malaria was our disease of choice 
as it is one of the most prevalent and best investigated 
avian vector-transmitted diseases. Avian malaria infec-
tions can be caused by by three genuses of apicompl-
exans: Haemoproteus, Plasmodium and Leucocytozoon 
which are transmitted by hippoboscid flies, Culex-mos-
quitoes and blackflies respectively. The considerable 
heterogeneity in transmission of vector-transmitted 
diseases across time and space in conjunction with the 
high prevalence in affected bird populations across the 
world make these infections a major source of diver-
gent selection pressures to host populations that drive 
genetic evolution (Bonneaud et al. 2006; Randolph and 
Rogers 2010; Marzal et  al. 2011). To explore the effect 
of malaria and developmental testosterone exposure on 
badge size we needed sufficient sample sizes of birds 
that differ in their infection status but should other-
wise experience a similar environment. The Camargue, 
a region in the Rhône delta of southern France known 
for its high mosquito prevalence during the summer 
months (Ponçon et al. 2007) provides an ideal environ-
ment for investigating such effects because some areas 
have been subjected to mosquito control for several 
decades, whereas other areas have been protected from 
these control programs (Poulin 2012). We reasoned that 
since regular large-scale insecticide treatment alters 
vector densities (Ponçon et  al. 2007), this should be 
reflected in the avian malaria prevalence of house spar-
rows. We attempted to use this environmental differ-
ence to set the male badge into its ecological context, 
and address the links between risk of malaria infection, 
male badge size, and foetal testosterone-exposure (see 
Fig. 1 for a schematic representation).
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Methods
Study site
The Camargue is characterized by a Mediterranean cli-
mate with dry and warm summers and mild winters. 
For this study, two regions, about 20 km apart, were 
selected based on habitat similarity but differing in their 
mosquito control treatment (Fig. 2). The mosquito-con-
trolled region was situated south-east of the protected 
area Etang de Scamandre and is characterised by a large 
abundance of rice fields, cattle and horse meadows and 
water channels. Mosquito control has occurred in this 
region at regular intervals since the 1970s and although 
the insecticide campaign targets the vector of human 
malaria and West-Nile virus, there is some evidence that 
the two local Culex species, the vectors of Plasmodium in 
birds, are equally affected by the treatment (Ponçon et al. 
2007). The unsprayed region we studied was located east 
and north of the Etang de Vaccarès and has never experi-
enced mosquito control as it is under regional protection. 
The land surface cover of the mosquito-treated region is 
very similar, although agricultural activities are more lim-
ited. The landscape in both regions is characterized by 
large isolated agricultural exploitation units (“mas” and 
“domaines”) many of which sustain substantial sparrow 
colonies.
In each region four sparrow populations were chosen 
on basis of similarity of the environment, and of suf-
ficient size of the sparrow colony to allow easy capture. 
In the controlled region, these sites were: the Centre de 
découverte Scamandre; Scamandre-Alentours; Domaine 
de Canavère; and Domaine de de la Fosse. In the natural 
region we caught sparrows at Tour du Valat; Mas du Pont 
de Rousty; Armellière; and Romieu. Fieldwork was car-
ried out daily from the 8th of July to 14th of August 2011, 
a period which encompassed much of the breeding sea-
son of the sparrows in the Camargue and in which birds 
might be particularly susceptible to infections (Sheldon 
and Verhulst 1996). In total we caught 163 adult males, 
78 in the mosquito-treated region and 85 in the natural 
zone.
Morphological measures and blood sampling
When adult male house sparrows were captured we 
immediately took a small blood sample (<50 µl) via the 
brachial vein, and stored it in 90  % ethanol. Following 
the blood sampling we weighed each bird and meas-
ured three aspects of their badge with a digital caliper 
(to the nearest 0.01 mm). These three different measures 
were picked to account for the dichotomy of visible and 
total badge size, and were as follows: (1) the maximum 
length of the badge from the base of the bill to the maxi-
mal extent of the black feather on the breast, (Griffith 
2000), (2) the directly visible width of the badge allowing 
us to calculate visible badge size (VBS) and (3) the total 
width of the badge (also defined by feathers with a dark 
base but clear tips at the edge of the badge; Møller and 
Erritzøe 1992) for calculating total badge size (TBS). We 
used the formula given by (Møller 1987) to calculate the 
actual size of the badge. We measured the digit ratio fol-
lowing the method of (Navarro et al. 2007): the extended 
right foot of the bird was gently pressed against a piece 
of cardboard and both ends of the toe were marked with 
holes punched into the cardboard with a teasing needle. 
The distance between the holes was then recorded with a 
digital caliper.
PCR parasite screening
In the laboratory we thoroughly dried a small fragment of 
the ethanol preserved blood before extracting the DNA 
using DNeasy blood and tissue kits (Qiagen). We encoun-
tered some problems with clotted and dried blood failing 
to lyse properly in the initial step of DNA extraction, so 
each dried blood pellet was homogenized for 30s in 200 µl 
of PBS using a Tissuelyser (Qiagen) prior to extraction. 
The DNA was then extracted according to the manu-
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Fig. 1 Model describing the hypotheses investigated in this study. 
Numbers in the figures correspond to processes hypothesized to take 
place: 1. High prenatal testosterone exposure, which increases digit 
ratio has been shown to reduce immunocompetence and hence 
increases the risk of being infected by malaria, 2. at the same time 
birds with higher digit ratios have been shown to have a larger badge 
size, 3. spraying insecticide reduces vector abundance which in turn 
has a negative impact on malaria prevalence in a population. The 
opposite is true in unsprayed, natural areas, and 4. malaria in turn may 
affect badge size through trade-offs due to the effects of the parasite 
or by provoking an immune response
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we used a nested PCR approach developed by (Walden-
ström et al. 2004) to identify Plasmodium/Haemoproteus 
infections. We did not test for Leucocytozoon infection 
as previously we found no evidence of Leucocytozoon 
in Camargue sparrows (unpublished data). Both reac-
tions were performed in 25 µl volumes. The first reaction 
contained 2 µl of genomic DNA, 0.2 µM of each primer 
(HaemNF [5′-CATATATTAAGAGAATTATGGAG-3′] 
and HaemNR2 [5′-AGAGGTGTAGCATATCTATCTA 
C-3′]) and 12.5 µl MangoMix (Bioline) PCR mastermix. 
The second reaction contained 1 µl of product from 
reaction 1 with 0.2 µM of each primer (HaemF [5 ′-ATG 
GTGCTTTCGATATATGCATG-3′] and HaemR2 [5′- 
GCATTATCTGGATGTGATAATGGT-3′]) and 12.5 µl 
MangoMix PCR mastermix (Bioline). All PCR runs con-
tained several known positive controls (from blue tits) 
and negative controls (water). Infections were identified 
by the presence or absence of bands following the PCR. 
In order to check that absence of bands was definitely a 
lack of infection, we used another PCR with universal 
primers to test that the avian DNA in each sample suc-
cessfully amplified and any negative samples for malaria 
infection were repeated to confirm the diagnosis. All pos-
itive samples were sent for sequencing (LGC Genomics, 
Berlin, Germany), and sequences were then edited using 
Genious (v5.5.6, Biomatters Ltd). All edited sequences 
were compared to known avian malaria sequences in 
GENbank and the MalAVi database. We also examined 
all of the sequences for signs of double peaks associated 
with mixed infections (Wood et al. 2007).
Statistical analysis
All statistical analysis was performed in R v.2.15.1. and in 
SAS (9.1.3 SAS Institute, Cary, USA). Sample size differs 
for the different tests performed due to missing values. 
Differences in infection status between treatment regions 
and sites were tested using a generalised linear model 
(GLM) defining a binomial error structure. Badge size 
and digit ratio between infected and uninfected birds was 
compared with a two-sample t test. We assessed the rela-
tionship between digit ratio and badge size using linear 
regression. Differences in badge size between sites were 
compared using analysis of variance. Because we found 
significant differences in badge sizes between sites, we 
Fig. 2 Map of the study area. The left square is roughly encompassing the mosquito-controlled and the right square is highlighting the natural, 
uncontrolled zone. The numbered dots within each square are the location of the different sparrow colonies in this study: 1 Scamandre-Alentours, 2 
Centre de découverte du Scamandre, 3 Domaine de Canavère, 4 Domaine de la Fosse, 5 Mas du Pont de Rousty, 6 Château Amellière, 7 Romieu, 8 
Tour du Valat (map adapted from Ponçon et al. 2007)
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included capture site as a random effect in models where 
badge size was the dependent variable. To do so, we used 
generalised linear mixed models (GLMMs) with the lme 
function of the lme4 package in R v.2.15.1. The most 
complex model included digit ratio, infection status and 
bird condition (tarsus and weight) and their interaction 
as fixed effects and capture site as a random effect. We 
then performed sequential model simplification, drop-
ping the least significant term until the minimal suitable 
model was reached (Crawley 2007).
Results
Malaria prevalence
Contrary to our expectations, there was no significant 
difference in the prevalence of infections between regions 
or sites experiencing different insecticide treatments 
(treatment regions: z  = 0.449, p  = 0.653; sites: z min = 
0.131, z max = 1.072, p  values min = 0.28, max  = 0.89). 
Prevalence was high in both regions, with 78.4 % of birds 
infected in the sprayed zone and 81.3  % infected in the 
unsprayed zone, and within-site prevalence ranged from 
70 to 90  % in both zones. The most prevalent strain at 
each site was Plasmodium relictum SGS1 (82.3  % of all 
infections), followed by Plasmodium relictum GRW11 
(5.8  % of all infections), PADOM5 (0.025  %), COLL1 
(0.017  %) and P5 (0.0084  %). The absence of a differ-
ence in prevalence between regions is an indication that 
large-scale mosquito control has no significant effect on 
malaria occurrence in sparrow populations. For the pur-
poses of this study we assume that pathogen-imposed 
selection pressures in both habitat types are very similar, 
contrary to our initial prediction.
Badge size
The range of badge sizes observed in males was substan-
tial (276.2–980.2 cm2) for both visible and total badge 
size. With a repeatability of 0.936, badge measures were 
highly repeatable (F = 30.45, p < 0.001, n = 163 ). Dif-
ferent sites comprised males that differed significantly 
in badge size, highlighting the importance of local 
effects due to genetic or environmental differences 
(VBS: F = 3.485, p = 0.0172, n = 158, TBS: F = 3.391 , 
p = 0.00217, n = 158). However that difference was 
not directly due to the infection status of birds because 
infected and non-infected birds did not differ in badge 
size even when the site of capture was controlled for as 
a random effect (VBS: t = 0.57, p = 0.56, n = 147, TBS: 
t = 0.21, p = 0.83, n = 147, Fig.  3). Since the infections 
were so strongly composed of one parasite strain we 
could not test for differences in badge size mediated by 
different strains. To test whether differences in badge size 
between infected and non-infected birds are condition-
dependent, we constructed a GLMM including weight, 
tarsus length, digit ratio and infection status as well as all 
their interaction as fixed effects and capture site as a ran-
dom effect. After sequential simplification we found that 
visible badge size varied with the interaction between 
infection status and tarsus (t = 2.10, p = 0.0379 , 
n = 124 ) and the interaction between digit ratio and 
weight (t = 2.12, p = 0.0364). Total badge size changed 
solely by the interaction between infection status and 
tarsus (t = 2.34, p = 0.0206, n = 145). Interaction plots 
revealed that visible and total badge size declined with 
tarsus but less so if birds were infected. Visible badge 




























































Fig. 3 Variation of total badge size (a) and visible badge size (b) with infection status (1 means infected, 0 means uninfected). Horizontal line repre-
sents median, top of box 75th percentile, bottom of box 25th percentile, whiskers 1.5 times interquartile range, dots outliers
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digit ratio (Fig.  4). In contrast to findings by others, we 
could not find any direct correlation between digit ratio 
and badge size, even when sites were controlled for as a 
random effect (VBS: t = 0.545003, p = 0.5867, n = 140 ; 
TBS : t = 0.599513, p = 0.5499, n = 140) (Fig.  5). 
Infected and non-infected birds also had a similar digit 
ratio, suggesting that maternal testosterone deposition 
may not affect malaria susceptibility by reduced immu-
nocompetence (t = 0.38, p = 0.702, n = 131, digit ratio 
measures were square-root-transformed). Including sites 
as a random effect did not change the relationship.
Discussion
In this study we tested if a secondary sexual signal of 
male house sparrows (badge size) is connected to avian 
malaria infections and to a trait related to maternal 
testosterone deposition (digit ratio). Although there 
were significant differences in badge size between sites, 



























































































Fig. 4 a Interaction plot of visible badge size against infection status and tarsus, infected birds being marked with a cross and dashed line, unin-
fected ones with solid dot and solid line, b plot illustrating the interaction between digit ratio and weight on visible badge size with different sizes of 
digit ratio marked with different lines (see legend)

























































Fig. 5 Variation of total badge size (a) and visible badge size (b) with digit ratio. The lines represent the lines of best fit, assuming a linear correlation
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infected and non-infected birds had no significant dif-
ference in badge size and digit ratio. Furthermore there 
was no direct relationship between digit ratio and badge 
size, which stands in contrast to other studies that looked 
at the same traits. Our results offer rather a more com-
plex picture where both visible and total badge size cor-
relate with the interaction between infection status and 
condition of the bird (tarsus and/or weight) and where 
the latter may also interact with digit ratio. This obser-
vation supports results by Laucht and Dale (2012) who 
find that badge size is dependent on tarsus and weight 
but we add the additional insight that those two variables 
may also interact with malaria infections and maternal 
testosterone deposition. We also found that the interac-
tion between digit ratio and weight correlates with visible 
badge size. Visible badge size is achieved by wearing-off 
of the white feather tips located at the edge of the badge, 
which is a function of bird activity (Anderson 2006). The 
maternal testosterone environment has been reported to 
have an effect on bird aggression (Partecke and Schwabl 
2008) and weight may be correlated with fighting ability 
(Liker and Barta 2001), all-in-all having an effect on the 
abrasion of feathers.
In contrast to our expectation that reduced vector 
abundance in mosquito-controlled regions would lead 
to a lower prevalence of malaria, we found no differences 
in malaria prevalence between any sites. The high preva-
lence of Plasmodium in both treatment zones is very sim-
ilar to that reported from two other studies in this area 
(Loiseau et al. 2011; Bichet et al. 2014) and seems to be 
among the highest prevalences observed for house spar-
rows, at least across France (Bichet et al. 2014). The fact 
that large-scale vector treatment has no effect on the 
prevalence of a vector-transmitted disease in this wild 
population may have several explanations. First, based on 
previous evidence in the Camargue (Ponçon et al. 2007), 
we assumed that insecticide spraying predominantly 
directed against Aedes caspius has an equal effect on 
Culex mosquitoes. However, we did not directly assess 
the abundance of different vector species in this study to 
confirm the effects of insecticide treatments on different 
mosquito species at each study site and insecticide resist-
ance is known to occur in Culex pipiens near our study 
area (Lenormand et al. 1999; Labbé et al. 2005). Assess-
ment of location-specific abundance of mosquitoes in 
relation to mosquito-control programmes is an ongoing 
project for our research group. Secondly, even assuming 
that there was a difference in Culex abundance between 
sites, it is possible that there is an asymptotic relationship 
between malaria prevalence and vector abundance. In 
this case, despite reduced numbers of vectors prevalence 
of disease in the host population would remain unaf-
fected, a possibility already recognized by Ross (1910). 
Addressing the links between malaria prevalence and 
mosquito abundance at the sites we used in this study 
remains a topic for further investigation. Finally, other 
variables associated with the vector-controlled zone, 
most notably the insecticide itself or agriculture-asso-
ciated pollutants that region which also sustains higher 
agricultural use, could weaken the sparrows’ immune 
system and increase malaria susceptibility, as previously 
shown by Bichet et al. (2013), though that effect was most 
evident in sparrows of highly urbanised areas.
The findings of our work must be seen in the light of 
the complexity revealed by previous work on sparrow 
badge size development and avian malaria. First, there 
is a clear possibility for a temporal mismatch between 
badge development and timing of infection. Badge devel-
opment probably depends on the condition of the bird 
at moult (Moreno-Rueda 2010) whereas infection may 
have occurred at any time until two weeks before the bird 
was caught (the limit of detection of malaria blood stages 
is generally two weeks post-infection; Valkiunas 2004). 
Some evidence suggests that wild birds are able to clear 
malaria infections (Knowles et al. 2011), so if there really 
is a trade-off between badge size and malaria infection, 
it would be valuable to investigate the infection status at 
moult (i.e. in the late summer/autumn) and assess badge 
size the following year. However, data from other birds in 
the same population suggests that the males in this study 
were probably carrying chronic infections which they 
were likely to have maintained for a long time (Larcombe, 
unpublished data). This temporal mismatch can also 
occur over longer periods: a “snapshot” where a correla-
tion is established between badge size and other factors 
at a distinct point in time inevitably ignores some crucial 
information. This picture is complicated by the fact that 
badge size can change substantially from one breeding 
season to another according to factors like paternal invest-
ment (Griffith et  al. 1999) and diet (Veiga and Puerta 
1996) or due to factors that influence the whole cohort 
like population size and weather (Jensen et al. 2006). It is 
imaginable that males that experience multiple malaria 
infections during their lifetime would trade-off badge size 
development in time rather than through direct physi-
ological trade-offs. The exact age of the birds in this study 
was not known, although age has been shown to correlate 
with badge size (Nakagawa et al. 2007; Roberts et al. 2012) 
and susceptibility to infection (Mackinnon and Marsh 
2010; Bichet et al. 2014). Measuring both badge size and 
infection status over the course of a life-time may account 
for these differences, however, in wild populations this is 
technically extremely difficult to accomplish.
Badge size has been shown to be sensitive to many 
environmental effects, as suggested in this study by the 
significant differences in badge size between capture 
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sites. Jensen et al. (2006) showed the existence of strong 
cohort effects on badge size, determined by weather and 
density-dependence during the early development. The 
sparrow populations in this study may have differed in 
e.g. food availability, population size or age structure, 
which could influence the observed inter-site differences. 
As badge size has a hereditary component and as there 
is only little dispersal between sparrow colonies (Griffith 
et al. 1999; Anderson 2006), genetic drift may play some 
role in badge size, though Loiseau et  al. (2009) reckon 
that genetic differences at such small scales should be 
unimportant. There are many other potentially important 
variables we did not investigate in our study, for example 
current plasma testosterone levels in the blood (Gonza-
lez et al. 2001; Buchanan et al. 2010; Laucht et al. 2011), 
nutritional status (Veiga and Puerta 1996) and social 
environment (Laucht and Dale 2012), all of which could 
interact with infection status to affect badge size. Fur-
thermore, an avian malaria infection is not just charac-
terised by the presence of the parasite in the blood: males 
with higher levels of parasitemia may face bigger trade-
offs, a fact we could not control for by using absence/
presence data for infections. However, since parasitemia 
is not constant during the course of an infection but is 
characterised by an initial acute phase before dropping 
to low levels with occasional relapses, it remains unclear 
how informative single measures in time of parasitemia 
taken from adult birds would be Cornet et al. (2014). Co-
infections by other parasites may also play an important 
role: if badge size represents an integrative signal of the 
overall long-term parasite burden of an individual, as 
has been shown for bill colour in blackbirds (Biard et al. 
2010), malaria status on its own may be insufficient in 
influencing badge size significantly. Finally, there is a 
clear possibility that the chronic nature of many malarial 
infections don’t pose enough of a challenge to the bird 
for that trade-off to be visible in sexual signals, especially 
since there is some evidence that avian malaria preva-
lence is not directly associated with the elaboration of 
sexual signals in birds (Garamszegi and Møller 2012).
Egg-testosterone deposition, measured by the digit 
ratio, has been reported to correlate with numer-
ous advantages like increased growth rate, accelerated 
embryonic development and higher social rank (Mazuc 
et  al. 2003). A potential cost of testosterone deposi-
tion may be decreased immunocompetence (Navarro 
et  al. 2007; Sandell et  al. 2009). We found no evidence 
for this in this study, as there was no difference in digit 
ratio between infected and non-infected birds. Expla-
nations similar to those provided above for badge size 
may also account for the lack of effect of digit ratio on 
infection. However, badge size did not correlate directly 
with digit ratio in this study, which contradicts the results 
of Navarro et al. (2007) who found a positive correlation 
between visible badge size and digit ratio. The absence 
of a direct correlation in this study with a larger sample 
of males than (Navarro et al. 2007) shows that a positive 
relationship between digit ratio and badge size is far from 
universal and may be season or population-specific and 
more importantly, that digit ratio may interact with bird 
weight as found in this study. Seasonal effects may be 
especially relevant for visible badge size, the size of which 
increases with increasing time from moult (Anderson 
2006). This study highlights one of the problems in find-
ing evidence for the hypotheses explaining maintenance 
of sexual signals: though trade-offs between disease and 
sexual signals are probably present, they may be very 
hard to observe due to the many confounding variables 
and varying timescales at which they operate. This study 
makes this case for avian malaria in house sparrows. We 
showed that infection status and maternal effects may 
have a condition-dependent effect on the house sparrow 
badge.
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